Abstract. In the present paper, an efficient technique is proposed by displacement method of analysis and three metaheuristic algorithms consisting of the Colliding Bodies Optimization (CBO), Enhanced Colliding Bodies Optimization (ECBO) and Vibrating Particles System (VPS), for the simultaneous analysis and optimal design of trusses. The proposed method is applied to the minimum weight design of some planar and spatial truss structures. For examining the accuracy and effectiveness of the presented method, the problems are also designed using the same metaheuristic algorithms utilizing pure force method and pure displacement method as analysis tools (non-simultaneous) and the resulting structural weights are compared.
Introduction
In engineering problems of a multi-physics nature, developing methods of higher computational efficiency is an important issue. The analysis and design of structures having large numbers of members require large memory sizes and high computational time. This rather expensive 2 computation has to be repeated in optimal design very many times (e.g. over 5,000 times) since the cross-section size of the members are not determined in the early stages of designing these structures. Thus, reducing the size of structural matrices and eliminating undue repetitions in the analysis and design of structures can result in a high computational efficiency, Kaveh [1] . In this paper, this goal is achieved by the use of meta-heuristics algorithms by indirect minimization of the energy function. Apart from this, the design process and minimization of the weight of the structure is combined with the analysis process.
One of the recently developed powerful metaheuristic techniques is the vibrating particles system (VPS). The VPS is a population-based optimization procedure which is inspired by free vibration of single degree of freedom systems with viscous damping, Kaveh and Ilchi Ghazaan [2] . In this algorithm, the solution candidates are considered as agents that gradually approach to their equilibrium positions. For having a proper balance between exploration (global search) and exploitation (local search), equilibrium positions are obtained from current population and historically best positions.
Meta-heuristic algorithms are shown to be powerful tools for optimization of problems with search spaces being complex, nonlinear and non-convex. This is especially the case when nearglobal optimum solutions are sought after using limited amount of computational effort. Some examples of meta-heuristic algorithms consists of Genetic Algorithms (GA) (Holland [3] ), Particle Swarm Optimization (PSO) (Eberhart and Kennedy [4] ), Ant Colony Optimization (ACO) (Dorigo et al. [5] ), Harmony Search (HS) (Geem et al. [6] ), Big Bang-Big Crunch (BB-BC) (Erol and Eksin [7] ), Firefly Algorithm (FA) (Yang [8] ), Magnetic Charged System Search (MCSS) (Kaveh et al. [9] ), Bat Algorithm (BA) (Yang [10] , Teaching Learning Based Optimization (TLBO) (Rao et al. [11] ), Colliding Bodies Optimization (CBO) (Kaveh and Mahdavi [12] ), Water Cycle, Mine Blast and Improved Mine Blast algorithms (WC-MB-IMB) (Sadollah et al. [13] ), Search Group Algorithm (SGA) (Gonçalves et al. [14] ), the Ant Lion Optimizer (ALO) (Mirjalili [15] ), the whale optimization (Mirjalili and Lewis [16] ), and Vibrating Particles System (VPS) (Kaveh and Ilchi Ghazaan [17] ). Metaheuristic algorithms have found many applications, some of which are presented in the recent work of Kaveh [18] .
Weight structural optimization can be achieved using the minimization of the complementary strain energy for analysis, Kaveh and Rahami [1] , in place of the direct solution of classic equations. This not only results in avoiding repetitive computations for the design and analysis, but also does not require finding the inverse of large matrices. Therefore, one needs to formulate the necessary equations utilizing the minimum energy principle, and use them in an efficient optimization procedure. In this paper, the metaheuristic algorithms and the displacement method are combined for simultaneous analysis and design utilizing CBO, ECBO, and VPS. For this purpose strain energy formulation is used and variables constitute of design variables and analysis variables (nodal degrees of freedom of the structure).
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The rest of this paper is structured as follows: in Section 2 energy formulation based on the displacement method is presented and the CBO, ECBO and VPS algorithms are applied to the analysis procedure. In Section 3, weight minimization is performed by considering the analysis procedure as a constraint in the CBO, ECBO and VPS methods and in Section 4, four structural design examples are studied. Some concluding remarks are then given in Section 5.
Analysis by displacement approach and metaheuristic algorithms
The main purpose of this section is to minimize the strain energy using the metaheuristic algorithms, satisfying all the necessary compatibility conditions. The formulation is based on the minimum work principle provided by Kaveh be the joint loads and joint displacements of a structure. The force-displacement relationship for the structure can be written as
where K is a symmetric αN × αN matrix, known as the stiffness matrix of the structure, Kaveh and Rahami [1] and Kaveh [19] . The strain energy U can be expressed as
Now   v should be calculated such that U becomes minimum by metaheuristic algorithms.
In order to minimize U , the CBO, ECBO and VPS algorithms are used which are based mainly on the algorithms by Kaveh and Mahdavi [12] , Kaveh and Ilchi Ghazaan [20] and Kaveh and Ilchi Ghazaan [2] , respectively. To state the accuracy of the analysis by the present approach, one example is presented.
A simple truss with 11 bar elements as shown in Fig. 1 is considered. This structure has eight degrees of kinematic indeterminacy. Thus, U should be formed in terms of eight unknowns.
The exact calculation of c U and U obtained by force method and displacement method respectively, the obtained values of U using the present approach and   v are presented in Table 1 . The population size for this example, in all three algorithms, is selected as 20.
Optimal design using displacement approach and metaheuristic algorithms
In this section, design and optimization processes are added to the analysis presented in the previous section. Formulation of the objective function in the simultaneous analysis and design of an optimal structure is obtained by the following approach:
For minimizing of weight, Eq. (2) altered such that its minimum value becomes zero. For this purpose, when the sum of complementary energy and strain energy is zero, the structure is in equilibrium and compatible state. Therefore, the sum of the complementary energy and the strain energy is used as a constraint and the analysis criteria. If a structure contains other constraints, then these should be normalized and added to the above function with a penalty function. Thus, the ultimate formulation of the objective function will be as follows:  is set equal to 1, while 2  starts from 1.5 and linearly increases to 3.
For large-scale structures, since no solution or inverse for large flexibility or stiffness matrices is required, the proposed method is more efficient. The minimization of energy function is considered for the analysis instead of utilizing a direct analysis.
Non-Simultaneous displacement method
For better comparison of the results, optimal design of some truss structures is also carried out by non-simultaneous force method and non-simultaneous displacement method. In these two methods, design variables are only cross section (A) and the objective function is as follows:
In the following, optimal design of four trusses is performed as four different cases: 
Examples

Example 1: A 10-bar planar truss
Optimal design of a 10-bar planar truss, shown in Fig. 2 , is considered. Table 2 contains the data for design of this truss. This structure has 8 degrees of kinematical indeterminacy. The obtained results are shown in Table 3 . Fig. 3 shows the comparison of the obtained values of weight in four various methods. It can be seen that the minimum value has been obtained in the simultaneous displacement method by CBO algorithm (5061.7 lb) in comparison to other three methods and literature (Kaveh and Hassani [23] (5095.46 lb) and Kaveh and Rahami [1] (5061.9 lb)). In this structure, the non-simultaneous force method has obtained the better answers than the non-simultaneous displacement method. Fig. 4 shows the comparison of convergence histories for the CBO, ECBO and VPS methods in simultaneous displacement method. It can be seen that the CBO algorithm has converged in less number of iterations than other algorithms and has achieved better result. 
Example 2: A 25-bar spatial truss
The schematic of a spatial truss and its members grouping are shown in Fig. 5 . Table 4 provides the necessary data for design of this truss. This structure has 18 degrees of kinematical indeterminacy. The optimal values of the design variables and their comparison are given in Table 5 . 
Example 3: A 72-bar spatial truss
The schematic of a 72-bar spatial truss is shown in Fig. 8 as the third design example. The necessary data for the design and the constraints are stated in Table 6 . This structure has 48 degrees of kinematical indeterminacy. The elements are divided into sixteen groups using symmetry as follow:
( The structure is subjected to the two load cases stated in Table 7 . The corresponding convergence curves are compared in Fig. 10 for simultaneous displacement method. It can be seen that the ECBO algorithm has obtained better results in less number of iterations.
Example 4: A 120-bar dome truss
A 120-bar dome structure is considered as the fourth design example. Geometry and member grouping structures are shown in Fig. 11 . This structure has 111 degrees of kinematical 7 indeterminacy. The necessary data for the design and the constraints are stated in Table 9 . The loading condition is considered as follow:
1. Vertical load at node 1 equal to −13.49 kips (−60 kN).
2. Vertical loads at nodes 2 through 14 equal to −6.744 kips (−30 kN).
3. Vertical loads at the rest of the nodes equal to −2.248 kips (−10 kN).
Optimal design comparison for the 120-bar dome truss is achieved in Table 10 . Fig. 12 Fig. 13 compares the convergence curves of the best results obtained by CBO, ECBO and VPS methods in simultaneous displacement method. It can be seen that the CBO algorithm has converged in less number of iterations, but the ECBO algorithm has achieved better result.
Concluding remarks
In this article, an efficient method is proposed for simultaneous analysis, design and optimization of structures using the CBO, ECBO and VPS algorithms to avoid the formation of the inverse for the large structural matrices, especially when the structures have a high number of members. These metaheuristic algorithms and the displacement method are applied simultaneously for the analysis and design of various kinds of large-scale structures. The results are compared by those of the non-simultaneous force method and the non-simultaneous displacement method. Bench mark problems are studied in order to show the performance of the presented method. The proposed technique performs suitable optimal designs for the three of the four problems investigated in comparison with the simultaneous force method, the non-simultaneous force method and the non-simultaneous displacement method. This demonstrates the capability and accuracy of the metaheuristic algorithms and displacement method when simultaneously utilized for analysis, design and optimization of constrained problems. Comparison of the optimal designs achieved utilizing this work with those of the other researchers can be found in Table 3 , Table 5 , Table 8 and Table 2 . Design data for the 10-bar planar truss. Table 3 . Comparison of optimal design for the 10-bar planar truss Table 4 . Member grouping of the 25-bar spatial truss. Table 5 . Comparison of the optimal designs for the 25-bar spatial truss. Table 6 . Design data for the 72-bar spatial truss. Table 7 . Loading conditions for the 72-bar spatial truss. Table 8 . Comparison of the optimal designs for the 72-bar spatial truss. Table 9 . Design data for the 120-bar spatial truss. Table 10 . Comparison of the optimal designs for the 120-bar spatial truss. Table 2 . Design data for the 10-bar planar truss.
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